All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Bladder cancer is the fourth most common cause of cancer, and the eighth most common cause of cancer death in men. An estimated 74,000 men and women will be diagnosed and 16,000 people will die of bladder cancer by the end of 2015 \[[@pone.0150138.ref001]\]. While the majority of bladder cancers present as noninvasive early stage tumors, up to one third of non-muscle invasive disease will progress to muscle invasive disease and metastasize over time \[[@pone.0150138.ref002]\]. Despite the effectiveness of cisplatin-based chemotherapy for locally advanced and metastatic bladder cancer, the lack of durability of responses and the absence of second-line therapy point to the need for more effective treatments \[[@pone.0150138.ref003], [@pone.0150138.ref004]\]. Critical to new therapeutic developments are the identification of specific oncogenic pathways with promising therapeutic interventions, and the proper identification of patients who are likely to benefit from a given therapy (individualized cancer therapy).

Most bladder cancers express elevated levels of the epidermal growth factor receptor (EGFR) \[[@pone.0150138.ref005],[@pone.0150138.ref006],[@pone.0150138.ref007]\]. EGFR modulates cell growth and proliferation as well as regulating gene expression, angiogenesis, motility and apoptosis resulting in increased malignant potential \[[@pone.0150138.ref008],[@pone.0150138.ref009],[@pone.0150138.ref010]\]. Elevated EGFR is common in primary bladder cancers with about 50% of cases exhibiting overexpression \[[@pone.0150138.ref008]\]. Additionally, a majority of metastatic bladder tumors have been shown to express EGFR \[[@pone.0150138.ref011]\]. Further, EGFR overexpression appears to be a significant negative predictor of survival \[[@pone.0150138.ref005]\]. Thus, biological pathways that enhance growth factor signaling through EGFR are likely to contribute to bladder cancer progression and metastasis. Cell-bound EGFR ligands, such as heparin-binding epidermal growth factor (HB-EGF), amphiregulin, transforming growth factor alpha (TGFα), and betacellulin are known to be released through the action of membrane-bound proteases including members of the ADAM ([A D]{.ul}isintegrin [A]{.ul}nd [M]{.ul}etalloproteinase) family \[[@pone.0150138.ref012]--[@pone.0150138.ref014]\].

The ADAM family consists of approximately 40 proteins, but only a few exhibit proteolytic activity \[[@pone.0150138.ref015]--[@pone.0150138.ref017]\]. The proteolytically active ADAMs, or sheddases, traffic to the membrane in a latent form which can be activated by the proteolytic shedding of an N-terminal inhibitory prodomain \[[@pone.0150138.ref012],[@pone.0150138.ref013]\]. The enzymatically active protein cleaves and releases several physiologic cell surface proteins including membrane anchored growth factors and their receptors, ecto-enzymes, and cell adhesion molecules such as E-cadherin and N-cadherin. These functions place specific ADAMs in fundamental roles for cellular signaling and the regulation of cell adhesion and cellular motility \[[@pone.0150138.ref012],[@pone.0150138.ref015]\]. Several ADAMs have also been implicated in human tumorigenesis \[[@pone.0150138.ref013],[@pone.0150138.ref014],[@pone.0150138.ref016],[@pone.0150138.ref018],[@pone.0150138.ref019]\] and increased expression and function of these ADAMs often correlate with tumor progression and aggressiveness of disease \[[@pone.0150138.ref018],[@pone.0150138.ref020]\].

One of the catalytically active ADAMs, ADAM15, has been reported to be overexpressed in numerous malignancies including melanoma, prostate cancer and breast cancer \[[@pone.0150138.ref020],[@pone.0150138.ref021]\]. The list of substrates for ADAM15 includes several key cell regulatory molecules including E-cadherin and N-cadherin, desmoglein and the EGFR ligands, Transforming Growth Factor Beta (TGFβ), amphiregulin, epiregulin and HB-EGF \[[@pone.0150138.ref016],[@pone.0150138.ref021],[@pone.0150138.ref022]\]. The level of overexpression of ADAM15 in breast and prostate cancer has been correlated with tumor aggressiveness and metastatic progression \[[@pone.0150138.ref020]\]. We have shown that the inhibition of ADAM15 expression in PC-3 prostate cancer cells reduced tumor growth and prevented metastasis \[[@pone.0150138.ref023]\]. A link between ADAM15 and angiogenesis has also been noted \[[@pone.0150138.ref024],[@pone.0150138.ref025]\].

The biological and molecular profiles of bladder cancers suggested that overexpression and activation of ADAM15 may be relevant to the progression of this disease. First, bladder cancers express high levels of EGFR, where local release of EGFR ligands would promote bladder cancer growth \[[@pone.0150138.ref005]--[@pone.0150138.ref007],[@pone.0150138.ref011]\]. Second, E-cadherin, another substrate for ADAM15, has been found in the enzymatically processed form in both serum and urine samples from bladder cancer patients which also correlated with poor clinical outcome \[[@pone.0150138.ref026],[@pone.0150138.ref027]\]. Third, bladder cancer progression is closely linked to angiogenesis \[[@pone.0150138.ref009],[@pone.0150138.ref028]--[@pone.0150138.ref030]\], which may also be affected by the biological activity of ADAM15 \[[@pone.0150138.ref024],[@pone.0150138.ref025]\].

ADAM15 is emerging as a potential regulator of the tumor microenvironment and its promise for therapeutic targeting is rising. Preliminary examination of ADAM15 expression in tissue, cell lines and xenograft models of human cancer (histologically similar to the primary tumor) suggested its functional role in the progression of human bladder cancer. However, little was known about the expression levels of ADAM15 in human bladder cancer or how ADAM15 might functionally mediate the invasion and metastasis of bladder cancer cells. In the current study, we set out to validate the association of ADAM15 expression with advanced human bladder cancer and establish the functional participation of ADAM15 in the progression of this disease.

Materials and Methods {#sec002}
=====================

Cell Culture {#sec003}
------------

Human bladder cancer cell lines UM-UC-6 \[[@pone.0150138.ref031],[@pone.0150138.ref032]\] and UM-UC-9 \[[@pone.0150138.ref032]\] were obtained from the originator (H.B. Grossman, The University of Texas-MD Anderson Cancer Center, Houston TX). SV-40 immortalized Human Uroepithelial Cells (SV-HUC-1) \[[@pone.0150138.ref033]\] were a kind gift from C.A. Reznikoft (University of Wisconsin, Madison, WI). Established Human Umbilical Vein Endothelial Cells (HUV-EC-C) were acquired from the American Type Culture Collection (ATCC, Manassas, VA). Cells were utilized within short-term passage and tested by restriction fragment length polymorphism (RFLP) for authentication (Research Animal Diagnostic Laboratory, Columbia, MO). Cells were maintained in Dulbecco's Modified Eagle Medium (DMEM; Life Technologies, Grand Island, NY), with high glucose, supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin-streptomycin (Life Technologies). The HUV-EC-C cells were maintained in Endothelial Cell Growth Medium EBM-2^TM^ (Lonza Inc., Allendale, NJ) supplemented with EGM™-2 BulletKit™ (Lonza Inc.) and 10% FBS.

Generation of ADAM15 Knockdown Cell Lines {#sec004}
-----------------------------------------

UM-UC-6 and UM-UC-9 ADAM15-knockdown bladder cancer cells were generated using a lentivirus carrying ADAM15-specific knockdown short hairpin RNA (shRNA) (shA15), or empty vector control sequence and/or scrambled shRNA sequence designed as a control for off-target effects (ctlA15) as we previously reported \[[@pone.0150138.ref022],[@pone.0150138.ref023]\]. The forward and complementary target sequences for ADAM15 were 5'-AACCCAGCTGTCACCCTCGAA-3' and 5'-TTCGAGGGTGACAGCTGGGTT-3'.

Patient Samples {#sec005}
---------------

The tumor samples for this work were obtained preserving patient's confidentiality under written informed consent at the University of Michigan Bladder Cancer Tissue Bank. Each source complies with the Medical School Institutional Review Board approved protocol (IRBMED HUM00042401). The tissue microarray consisted of 110 cores on 37 bladder cancer patients, and included samples from normal bladder as well as superficial, invasive and metastatic bladder cancers.

Protein Isolation and Immunoblotting {#sec006}
------------------------------------

Cells were harvested by scraping and the resulting cell pellet was washed twice with phosphate-buffered saline (PBS), and frozen at -80°C prior to extraction. Cell pellets were lysed in lysis buffer (50 mM Tris \[pH 7.6\], 120 mM NaCl, 0.5% NP40, 1 mM EGTA, 100 μg/mL phenylmethysulfonyl fluoride, 50 μg/mL aprotinin). Extracts were cleared by centrifugation at 10,000 RPM for 10 minutes, and supernatants were collected and protein quantitated using the Bradford protein assay (Bio-Rad, Hercules, CA). Cellular extracts (20 μg/lane) were then separated on pre-cast gradient 4--20% Tris-glycine SDS-polyacrylamide gels (Novex, Life Technologies, Carlsbad, CA) and transferred to a reinforced 0.2 μm nitrocellulose membrane (EMD Millipore, Billerica, MA). Membranes were then blocked, probed, and developed. Blocking buffer consisted of 10% nonfat dry milk in TBST (Tris buffered saline with 0.1% Tween 20; Sigma-Aldrich Co., Saint Louis, MO). Primary and secondary antibody incubations were performed in 2.5% nonfat dry milk in TBST. Primary antibodies against GAPDH (mouse monoclonal MAB374 antibody, lot 2322571, EMD Millipore, Billerica, MA) and ADAM15 (rabbit polyclonal AB19036 antibody, Lot 2316790, EMD Millipore) were utilized at final dilution 1:10,000 and 1:2,000, respectively. The secondary antibodies were goat anti-mouse IRDye^TM^ 680RD 1:5,000 (926--68070, lot C30502-01, Li-Cor, Lincoln, NE) and goat anti-rabbit IRDye^TM^ 800CW 1:10,000 (C30521-01, lot C30521-01, Li-Cor). Membranes were imaged with the Li-Cor Odyssey CLX^TM^ (Li-Cor, Lincoln, NE) following the manufacturer's instructions.

Immunohistochemistry {#sec007}
--------------------

Paraffin embedded tissue sections were deparaffinized and treated with peroxide in methanol to block endogenous peroxide activity. Antigen retrieval was performed using citrate buffer antigen retrieval following the manufacturer's procedure (Citra, Biogenex, San Ramon, CA). Immunostaining was performed using the avidin-biotin complex staining (ABC; Vector Laboratories, Burlingame, CA). Primary rabbit polyclonal antibody to ADAM15 (AB19035, lot 0603024760, EMD Millipore) was diluted 1:50 in 5% FBS in PBS. A pre-diluted rabbit isotype solution (Life Technologies, Carlsbad, CA) was used as a negative control. The reaction was completed by development for 5 minutes with substrate (3,3'-diaminobenzidine plus peroxide). The slides were then counterstained with hematoxylin. Slides were evaluated by a pathologist (LPK) and graded for staining intensity (on a 1--4 scale; 1 = negative, 2 = weak, 3 = intermediate, 4 = strong) and percentage of tumor cells staining. An "intensity score" (staining intensity multiplied by percentage of cells staining) was used to compare the results.

Wound Healing Assay {#sec008}
-------------------

UM-UC-9 and UM-UC-6 cells were seeded into 6-well tissue culture dishes and allowed to reach confluence. The monolayer of cells was scratched with a new 5 mL pipette tip across the center of the wells to form a cross. After scratching, the wells were gently washed twice with medium to remove the detached cells and then replenished with fresh DMEM supplemented with 10% FBS. Photographs were taken and digitalized to document the initial fissure. UM-UC-9 and UM-UC-6 cells were then incubated for 18--20 and 12 hours, respectively. Photographs were taken and digitalized to document the migration. The healing gap was measured by Image Analysis Software^TM^ from Olympus (Olympus Corporation, Center Valley, PA).

Matrigel^TM^ Invasion Chamber Assay {#sec009}
-----------------------------------

BD BioCoat^TM^ Matrigel^TM^ Invasion Chambers (BD Biosciences, Bedford, MA) were utilized. The 24-well chambers were rehydrated with PBS and ctlA15 and sh15 UM-UC-9 or UM-UC-6 cells were seeded onto the chambers, according to the manufacturer's procedure (BD Biosciences). A volume of 0.2 mL of cell suspension containing 1x10^5^ cells/mL in serum free medium was added to each insert. A volume of 0.5 mL of DMEM plus 10% FBS was added to the inferior well. Chambers were incubated at 37°C, 5% CO~2~ atmosphere and UM-UC-9 and UM-UC-6 cells were allowed to migrate against a serum gradient for a period of 24 or 12 hours respectively. After incubation, non-invading cells were removed from the upper surface of the insert membrane with cotton tipped applicators. The cells on the lower surface of the membrane were fixed with 10% formalin and stained with crystal violet (BD Bioscience). Cell counting was performed from photomicrographs of 3--5 fields per insert. Each of the cell lines were assayed at least three times.

Transendothelial Migration Assay {#sec010}
--------------------------------

BD BioCoat^TM^ inserts and 24-well plates (BD Biosciences) were utilized for transendothelial migration assay. Fibronectin was added to coat each insert (Sigma-Aldrich Co.) at a concentration of 50 μg/mL. HUV-EC-C endothelial cells were then seeded onto the insert at a concentration of 1x10^5^ cells/250 μL EBM-2 medium plus supplements. HUV-EC-C cells were incubated for 48 hours to form a monolayer. UM-UC-9 and UM-UC-6, ctlA15 and shA15, cells were maintained for 24 hours and seeded onto the invasion inserts at a density of 1x10^5^ cells/250 μL in serum free medium. Control inserts were loaded with medium to assess the migratory background of the endothelial cells. The lower chamber was filled with 300 μL of EBM-2 plus 10% FBS. The chambers were then incubated to allow the tumor cells to migrate through the endothelial layer toward a serum gradient. UM-UC-9 cells were incubated for 24 and UM-UC-6 for a period of 12 hours. Non-transmigratory cells were removed with a cotton swab. Next, the migratory tumor cells were fixed with 10% formalin and stained with crystal violet and photographed to quantify the tumor cell migration. Three fields per insert were photographed and cells counted with assistance of ImageJ \[[@pone.0150138.ref034]\]. Each condition was run in triplicate.

Structure-based Design of a Novel Chemical Inhibitor Targeting the Catalytic Domain of ADAM15 {#sec011}
---------------------------------------------------------------------------------------------

The catalytic site of ADAM15 is unique and suggests the possibility of designing novel chemical probes that are selective for the ADAM15 metalloproteinase activity. This approach led to the initial identification and validation of the non-specific inhibitor, marimastat, as a structural probe with excellent predicted binding and inhibitory potential against the active site of ADAM15. Further structural modeling led to the identification of the biphenyl sulfonamide metalloproteinase inhibitor, PD166793 \[[@pone.0150138.ref035]\], which is endowed with several properties that make it an attractive starting point for analog synthesis of ADAM15 probes. Preliminary structure-based design, taking into account the unique amphipathic properties of the ADAM15 S1' pocket, allowed us to design and synthetize a new lead compound, adamastat, which is designed as a selective probe for ADAM15. Optimal binding modes and relative binding energies of our ADAM15 metalloproteinase inhibitor was calculated using the widely accepted AutoDock Vina program for molecular docking and virtual screening \[[@pone.0150138.ref036]\] as represented in [S1 Table](#pone.0150138.s006){ref-type="supplementary-material"}. These calculations, predict that adamastat should bind selectively and with high affinity to the catalytic site of ADAM15.

Fluorescence Resonance Energy Transfer (FRET) Assay {#sec012}
---------------------------------------------------

The activity of recombinant ADAM15 catalytic domain (A15cat) was determined using FRET based assays which measure the cleavage of a fluorogenic ADAM15 substrate peptide. Inhibition of the catalytic activity of A15cat by marimastat, PD166793 and adamastat was determined using a fluorogenic peptide (dabcyl-HGDQMAQKSK(5FAM-NH2) derived from the ADAM15 cleavage site in the low affinity IgE receptor (CD23) \[[@pone.0150138.ref037]\]. In these experiments the substrate at a concentration of 1 μM was incubated with recombinant A15cat (0.5 μg/mL) for 24 hours at 24°C in 384 well plates (Corning, Corning, NY) with inhibitor in phosphate buffered saline solutions. Fluorescence was measured using a PHERAstar (BMG LABTECH Inc., Cary, NC) fluorescence plate reader (excitation at 485 nm and emission at 530 nm).

Cell Proliferation Analysis {#sec013}
---------------------------

To study the effect of our ADAM15 knockdowns on cell proliferation, ctlA15 and shA15 UM-UC-9 and UM-UC-6, cells were seeded into 96-well plates at a density of 1,000 and 500 cells/well respectively in 200 μL of medium. End points were assessed after 12, 24, 48 and 72 hours of incubation.

In a similar fashion, the anti-proliferative effect of adamastat was analyzed by plating SV-HUC-1, UM-UC-9 and UM-UC-6 cells at a concentration of 2,000, 1,000 and 500 cells/well respectively in 100 μL of medium. Cells were allowed to attach overnight and treated with 100 μL/well of a 2X adamastat solution (at 5 μM final concentration) or equivalent concentration of DMSO as vehicle control. Consequently, cells were placed in incubator for 12, 24, 48, 72, 96 and 120 hours.

Cell proliferation was assessed at each time point through bioreduction of a water soluble MTS tetrazolium (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) salt to its formazan product by the metabolically active cells \[[@pone.0150138.ref038]\]. After addition of 40 μL of MTS/phenazine methosulfate (PMS) (20:1) solution (Promega, Madison, WI), the cells were incubated for 2 hours at 37°C and the absorbance of the formazan product was measured at 490 nm.

Cell Viability Analysis {#sec014}
-----------------------

SV-HUC-1, UM-UC-9 and UM-UC-6 cells were seeded into 96-well plates at a concentration of 2,000, 1,000 or 500 cells/well respectively in 100 μL of DMEM plus 10% FBS (no phenol red). Following incubation for 24 hours, cells were treated with a final concentration of 0.1% DMSO (vehicle control), 0.1, 1, 10 or 100 μM adamastat in 100 μL of medium and incubated for 96 hours. Subsequently, 40 μL of MTS/PMS solution were added to each well and the absorbance at 490 nm was measured after 2 hours of incubation at 37°C \[[@pone.0150138.ref038]\]. The assay was performed in triplicate wells. Blank wells, medium only and 2.5 μM staurosporin (Sigma-Aldrich Co.) were included as controls. Cell viability (%) was assess as: (OD sample--OD staurosporine)/(OD medium--OD staurosporine) × 100.

Tumor Growth in Severe Combined Immunodeficiency (SCID) Mice {#sec015}
------------------------------------------------------------

To study the effect of silencing ADAM15 on bladder cancer growth, ctlA15 and shA15 UM-UC-6 cells were subcutaneously inoculated at a concentration of 1x10^6^ cells into C57BL/6 SCID mice, in two groups of 10 mice. To determine sample size for the adamastat *in vivo* experiments we used the formula: (n = log 0.10 probability of type II error divided by 95% chance of detecting a weight difference of 40% or more. Log 0.10 divided by log 0.6 = 4.5 mice per group), thus the 5 mice per group used in the experiment. After 3 weeks, the mice were euthanized and tumors weighed. *In vivo* efficacy of adamastat was also determined in UM-UC-6 xenografts, where 1x10^6^ UM-UC-6 bladder tumor cells were injected subcutaneously into the flank of SCID mice. In light of the predicted adamastat oral availability, animals were treated by gavage with adamastat after tumor initiation (10 days after injection). The mice were separated into two groups of 5 animals and treated daily with adamastat (100 mg/kg/dose) or vehicle control (PBS) for 3 weeks before necropsy. Each tumor was resected and weighed at the same time postmortem. The experimental unit was one tumor per mouse and all the tumors (100%) were included in the analysis.

The number of animals included was previously derived by observation of the minimum amount that could present statistical significance under the experimental conditions. All groups were randomly segregated by cage. Cancer cell inoculation or adamastat treatment was started at the same time. The mice did not show weight loss and no adverse effects due to adamastast or the gavage technique were observed.

The SCID mice used in this study were males and females, 8 to 10 weeks old, bred by the ULAM Breeding Core. Animals were housed in a pathogen free facility in ventilated cages. Their welfare was assessed daily by the authors and the veterinary staff of the University of Michigan.

### Ethics Statement {#sec016}

The care and treatment of the mice was reviewed by the University Committee on Use and Care of Animals (UCUCA) and was found to be in agreement with the University of Michigan institutional guidelines. University of Michigan UCUCA approved these animal studies by protocol PRO00004867. Inoculation of tumor cells was performed under isofluorane anesthesia to minimize suffering. All procedures adhere to the ARRIVE Guidelines for reporting animal research as described in [S1 ARRIVE Checklist](#pone.0150138.s001){ref-type="supplementary-material"}.

Statistical Analysis {#sec017}
--------------------

In tissue microarray analysis, a staining index (intensity score multiplied by the percentage of tumor cells staining) was calculated for each core. Multiple cores of the same clinical stage from the same patient were combined into a summary score representing the mean of the cores. This summary resulted in 48 data points (corresponding to unique patient-diagnosis combinations) for ADAM15 staining evaluation. A one-way ANOVA was used to compare the staining index summary score stage. All pairwise comparisons were made between groups using the Tukey-Kramer method to correct for multiple comparisons. The weakness of the ANOVA model is that there may be correlation within the patient that is not accounted for with this method. A repeated measures model using staining index for each core individually with correlation structures to account for the repeated cores within patient and diagnosis was used to check the results of the ANOVA summary score model. This model broke normality assumptions but had similar results and the same conclusions. For simplicity, ANOVA results are displayed. Unpaired, 2-tailed t-tests were employed to determine if statistically significant differences were observed in wound healing, invasion, migration, and *in vivo* mouse xenograft experiments. Proliferation and cell viability results were evaluated by 2-way ANOVA and Turkey's multiple comparison tests. Analysis was performed utilizing GraphPad Prism 6 Software (La Jolla, CA). Data were considered statistically significant at *p*\<0.05.

Results {#sec018}
=======

ADAM15 Expression is Associated with Local Invasion and Metastatic Progression of Human Bladder Cancer {#sec019}
------------------------------------------------------------------------------------------------------

We had previously reported that the expression of ADAM15 was associated with the metastatic progression of breast and prostate cancers \[[@pone.0150138.ref020]\]. However, the role of ADAM15 in the progression of bladder cancer had not been examined. We began this study by surveying the Oncomine^TM^ (Compendia Bioscience, Ann Arbor, MI) gene expression database to assess DNA copy number and mRNA levels of ADAM15 in human bladder cancer arrays. An analysis of 191 samples revealed that ADAM15 copy number is significantly elevated in advanced N stage (N1+) invasive bladder cancer compared to noninvasive (N0) disease. Of the 18,823 analyzed genes, ADAM15 ranked as the 45^th^ highest in copy number or in the top 5% ([Fig 1A](#pone.0150138.g001){ref-type="fig"}). By further analyzing 3 independent transcriptome studies in Oncomine^TM^ (Sanchez, Lee and Blaveri), we found significant overexpression of ADAM15 mRNA in infiltrating bladder cancer compared to normal tissues ([Fig 1B](#pone.0150138.g001){ref-type="fig"}).

![The metastatic progression of human bladder cancer is associated with elevated DNA copy number and increased ADAM15 expression.\
Analysis utilizing the Oncomine^TM^ (Compendia Bioscience) gene browser. *A)* Boxplots summarize mean copy number and standard deviation (SD) of a bladder cancer gene expression data set. ADAM15 copy number was elevated in invasive bladder cancer (N1+) compared to noninvasive disease (N0). *B)* ADAM15 mRNA is overexpressed in invasive bladder cancer compared to noninvasive bladder cancer. Bars represent ADAM15 mRNA levels in three different published mRNA expression studies. *C)* Microphotographs of ADAM15 immuno-staining of a bladder cancer progression tissue arrays. Three pathological stages are represented (normal tissue, noninvasive, and invasive bladder cancer). *D)* Boxplots represent the ADAM15 staining index in this TMA as mean ± SD. Invasive and metastatic bladder cancer specimens exhibited significantly increase staining index compared to noninvasive disease.](pone.0150138.g001){#pone.0150138.g001}

The significance of these observations to bladder cancer progression was validated by evaluation of ADAM15 protein expression in clinical specimens. Immunostaining of a bladder cancer tissue microarray was performed, showing specific focal overexpression of ADAM15 in the majority of the advanced (invasive and metastatic) bladder cancer specimens. By comparison, all of the low grade and noninvasive bladder cancer samples (27/27), exhibited low ADAM15 staining index (0--2), while 48% (27/56) of the invasive and 72% (13/18) of the metastatic cases exhibited moderate to high staining index (2--4) ([Table 1](#pone.0150138.t001){ref-type="table"}). A closer histological evaluation revealed that ADAM15 localizes in the normal urothelium with a highly organized staining at cell junctions, and increased positivity at the umbrella cell luminal surface ([Fig 1C](#pone.0150138.g001){ref-type="fig"}). In contrast, invasive cancer specimens exhibited a more disorganized and cytoplasmic staining of ADAM15. The ADAM15 immuno-positivity increased in advanced stage ([Fig 1D](#pone.0150138.g001){ref-type="fig"}) and was significantly greater as the tumors progressed from noninvasive to invasive and metastatic disease. Taken together, these results demonstrated that ADAM15 overexpression is closely associated with the local invasion and metastatic progression of human bladder cancer.

10.1371/journal.pone.0150138.t001

###### ADAM15 staining index in bladder cancer microarrays.

![](pone.0150138.t001){#pone.0150138.t001g}

                    Staining Index                             
  ----------------- ---------------- -------- ------- -------- --------
  **Noninvasive**   **27**           **21**   **7**   **0**    **0**
  **Invasive**      **56**           **18**   **8**   **19**   **8**
  **Metastatic**    **18**           **4**    **1**   **3**    **10**

The table represents the ADAM15 immunostaining index in a bladder cancer tissue microarray including noninvasive, invasive and metastatic specimens. Immunostaining index = % of positive cells x staining score.

Knockdown of ADAM15 Decreases Migration of Bladder Cancer Cells {#sec020}
---------------------------------------------------------------

Cellular motility is required for tumor invasion and metastasis. We investigated the endogenous expression of ADAM15 in two bladder cancer cell models and analyzed whether the reduction in ADAM15 expression inhibits bladder tumor cell motility. Utilizing the transitional cell carcinoma lines UM-UC-9 and UM-UC-6 \[[@pone.0150138.ref031],[@pone.0150138.ref032]\], we assessed ADAM15 protein level by immunoblot analysis using a cytoplasmic-specific antibody against ADAM15. UM-UC-9 and UM-UC-6 bladder cancer cells expressed moderate levels of ADAM15 protein when normalized to GAPDH loading controls ([Fig 2A](#pone.0150138.g002){ref-type="fig"}, [S1 Fig](#pone.0150138.s002){ref-type="supplementary-material"} and [S2 Fig](#pone.0150138.s003){ref-type="supplementary-material"}). Using a lentiviral RNA inhibitory construct, we decreased the expression of ADAM15 protein in both cell lines (shA15) ([Fig 2A](#pone.0150138.g002){ref-type="fig"}, [S1 Fig](#pone.0150138.s002){ref-type="supplementary-material"} and [S2 Fig](#pone.0150138.s003){ref-type="supplementary-material"}). Control empty vector and scrambled oligo cells (ctlA15) retained normal expression of ADAM15. Using these cell lines, we performed wound-healing migration assays. Microscopic examination over 24 and 12 hours revealed a 42% reduction (ctlA15UC9 56.58 ± 7.63%, shA15UC9 32.73 ± 5.87%) and a 33% reduction (ctlA15UC6 61.36 ± 3.73%, shA15UC6 41.04 ± 4.72%) in the wound closure of UM-UC-9 and UM-UC-6 ADAM15 knockdown cells respectively compared to the controls ([Fig 2B](#pone.0150138.g002){ref-type="fig"}). To rule out anti-proliferative effects of our knockdown and control constructs in the migration assay, we measured cellular proliferation using the MTS chromogenic assay, which revealed no changes in proliferative rates of the shA15 UM-UC-6 or shA15 UM-UC-9 cell lines compared to control lines at 12 and 24 hours ([Fig 2C](#pone.0150138.g002){ref-type="fig"}).

![Knockdown of ADAM15 inhibits bladder tumor cell motility.\
*A)* ADAM15 immunoblot of UM-UC-9 bladder cancer cells expressing empty vector and scrambled ADAM15 sequences (ctl) and short hairpin RNA (shA15) and UM-UC-6 expressing scrambled ADAM15 sequences (ctl) and short hairpin RNA (shA15). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as loading control. *B)* Wound healing assay comparing extent of wound closure in shA15 UM-UC-9 and shA15 UM-UC-6 cells compared to controls (ctl). Bars represent mean ± SD (n = 4) of one of two independent experiments (UM-UC-9, *top*) and mean ± SEM (N = 3) (UM-UC-6, *bottom*). *C)* Proliferation assays of both knockdown (shA15) and control (ctl) UM-UC-9 and UM-UC-6 cells over a 72 hour time course. Results represent mean ± SD of one of three independent experiments.](pone.0150138.g002){#pone.0150138.g002}

Knockdown of ADAM15 Decreases Bladder Cancer Cell Invasion and Transmigration Through Vascular Endothelium {#sec021}
----------------------------------------------------------------------------------------------------------

Tumor metastasis to distant tissues is facilitated by the ability of tumor cells to intra and extravasate through vascular endothelium and access the circulation \[[@pone.0150138.ref039],[@pone.0150138.ref040]\]. To begin to examine the role of ADAM15 in this process, we evaluated the ADAM15 knockdown cell lines in Matrigel^TM^ invasion assays. The shA15 UM-UC-9 and UM-UC-6 lines revealed a significant reduction of 27.4% and 47.4% respectively in invasive capacity through Matrigel^TM^ when compared to control cells (ctlA15UC9 66.90 ± 8.10 invading cells, shA15UC9 48.60 ± 6.82 invading cells; and ctlA15UC6 56.89 ± 11.67 invading cells, shA15UC6 30.56 ± 5.85 invading cells) ([Fig 3A](#pone.0150138.g003){ref-type="fig"}).

![Knockdown of ADAM15 decreases bladder cancer cell invasion and transmigration through vascular endothelium.\
*A)* Extent of Matrigel^TM^ invasion of UM-UC-9 and UM-UC-6 bladder cancer cells expressing empty vector and scrambled ADAM15 sequences (ctl) and short hairpin RNA (shA15). The bars indicate mean invading cells ± SD (n = 3). The data are representative of 1 of 5 UM-UC-9 or 1 of 3 UM-UC-6 independent experiments. A representative 20X image of each condition is shown. *B)* Transendothelial migration assay revealed reduced transmigration through an endothelial HUV-EC-C monolayer of shA15UM-UC-9 and shA15UM-UC-6 cells when compared with control cells (ctl). Bars represent mean ± SEM (N = 3). A representative 20X image of each condition is shown.](pone.0150138.g003){#pone.0150138.g003}

A more relevant assay for vascular intravasation is the Trans-Endothelial Migration assay (TEM). We next examined the ability of the shA15 UM-UC-9 and UM-UC-6 cells to transmigrate though monolayers of Human Umbilical Vein Endothelial Cells (HUV-EC-C). The shA15 UM-UC-9 cells were significantly inhibited (81.7%) in their ability to transmigrate through the HUV-EC-C monolayers compared to controls (ctlA15UC9 33.82 ± 8.56%, shA15UC9 6.19 ± 4.42%) ([Fig 3B](#pone.0150138.g003){ref-type="fig"}, *top*). The shA15 UM-UC-6 cells were also significantly inhibited (66.1%) in their ability to transmigrate through the HUV-EC-C monolayers compared to controls (ctlA15UC6 99.41 ± 26.74%, shA15UC6 33.68 ± 12.24%) ([Fig 3B](#pone.0150138.g003){ref-type="fig"}, *bottom*). These results are consistent with previous reports from our laboratory \[[@pone.0150138.ref022],[@pone.0150138.ref023]\] and demonstrate that ADAM15 may play a functional role in bladder cancer migration and vascular trans-migration.

Specific Inhibition of ADAM15 Catalytic Activity Reduces Bladder Cancer Cell Viability {#sec022}
--------------------------------------------------------------------------------------

Computational methods using AutoDock Vina software indicated that our ADAM15 catalytic domain inhibitor, adamastat ([Fig 4A](#pone.0150138.g004){ref-type="fig"}), binds to the active site of the ADAM15 metalloproteinase domain with a calculated binding energy of -9.0 kcal/mol ([S1 Table](#pone.0150138.s006){ref-type="supplementary-material"}). This preferred binding mode places the biphenyl amino side chain of the inhibitor in the deep amphipathic S1' amino acid recognition pocket of the ADAM15 catalytic domain ([Fig 4B](#pone.0150138.g004){ref-type="fig"}). The inhibitory properties of adamastat were verified using a Fluorescence Resonance Energy Transfer (FRET) assay that measures the cleavage of fluorogenic ADAM15 substrate peptides. Inhibition of the recombinant ADAM15 catalytic domain (rA15cat) by adamastat was compared to previously validated and clinically tested metalloproteinase inhibitors, marimastat and PD166793. The result of this analysis indicated that adamastat is as effective over a 100 fold molar range as the clinically tested compounds, PD166793 and marimastat ([Fig 4C](#pone.0150138.g004){ref-type="fig"}).

![Novel ADAM15-specific sulfonamide inhibitor reduces viability of bladder cancer cells.\
*A)* Surface model of adamastat binding to the ADAM15 catalytic. *B)* A mesh representation of adamastat binding in the S1' pocket of the catalybtic domain of ADAM15. *C)* Fluorescence Resonance Energy Transfer assay indicating that inhibition of the recombinant ADAM15 catalytic domain (rA15cat) by adamastat is as effective as two other previously tested metalloproteinase inhibitors over the same concentration range. FI, Fluorescence Intensity. *D)* Viability of adamastat treated SV-HUC-1, UM-UC-9 and UM-UC-6 cells. Vehicle represents 0.1% DMSO control. Bars show mean cell viability % ± SD in 1 out of three independent experiments.](pone.0150138.g004){#pone.0150138.g004}

To examine the effect of adamastat on human bladder cancer cells, we treated UM-UC-9 and UM-UC-6 bladder cancer cells and SV-HUC-1 immortalized bladder urothelial cells with increasing concentrations (0.1--100 μM) of adamastat and measured cell viability. Adamastat significantly inhibited the viability of UM-UC-9 and UM-UC-6 cells at 10 μM ([Fig 4D](#pone.0150138.g004){ref-type="fig"}). Interestingly, UM-UC-6 cells more sensitive, exhibiting significant reduction in cell viability at 1 μM ([Fig 4D](#pone.0150138.g004){ref-type="fig"}). Adamastat demonstrated very little effect was observed on the immortalized non-cancerous SV-HUC-1 cells ([Fig 4D](#pone.0150138.g004){ref-type="fig"}). We also examined the effects of adamastat on the proliferation rates of the three cell lines and found that adamastat does not affect proliferation of any cell line compared to the DMSO vehicle ([S3 Fig](#pone.0150138.s004){ref-type="supplementary-material"}). Collectively, these data suggest that targeted inhibition of ADAM15 catalytic activity by adamastat reduces the viability of human bladder cancer cells. As a control for off-target effects, we calculated binding affinities of all three inhibitors (adamastat, marimastat and PD166793) for the active sites of 4 other critical metalloproteinases related to ADAM15 using the AutoDock Vina software. These calculations revealed that adamastat binding affinity would be most selective for ADAM15 in comparison to other ADAM family members and MMPs. Marimastat and PD166793 showed little preference for any of the metalloproteinases tested ([S1 Table](#pone.0150138.s006){ref-type="supplementary-material"}).

The Inhibition of ADAM15 Activity Reduces Tumor Growth *In Vivo* {#sec023}
----------------------------------------------------------------

To investigate the effect of ADAM15 ablation in tumor development, we employed our UM-UC-6 model using the same silencing shRNA sequences and procedures described in the methods section. Immunoblot analysis confirmed reduced protein expression of ADAM15 in UM-UC-6 knockdown (shA15) compared to vector only (Vec) and scrambled control cells (ctlA15) ([Fig 5A](#pone.0150138.g005){ref-type="fig"} and [S4 Fig](#pone.0150138.s005){ref-type="supplementary-material"}). We then inoculated ctlA15UC6 and shA15UC6 cells subcutaneously in SCID mice and evaluated the tumor weights after 2 weeks. The knockdown of ADAM15 decreased the UM-UC-6 tumor growth by 44.5% (ctlA15UC6 49.9±9.81mg, shA15UC6 24.7±3.60mg) ([Fig 5A](#pone.0150138.g005){ref-type="fig"}). Lastly, we grafted UM-UC-6 cells subcutaneously in SCID mice and treated the mice daily by gavage with vehicle control or 100 mg/kg adamastat for 3 weeks. In this experiment, adamastat reduced tumor growth by 83.8% (vehicle control 26.4±14.2 mg, adamastat 4.2±6.1 mg) ([Fig 5B](#pone.0150138.g005){ref-type="fig"}). These results support the *in vivo* relevance of ADAM15 and its metalloproteinase activity to tumor development.

![*In vivo* inhibition of ADAM15 activity reduces tumor growth.\
*A)* ADAM15 immunoblot of UM-UC-6 bladder cancer cells expressing empty vector (Vec), control scrambled ADAM15 sequences (ctlA15UC6) and short hairpin RNA (shRNA) sequence (shA15UC6). GAPDH was utilized as loading control (*top*). Subcutaneous inoculation of shA15UC6 cells (n = 10) in SCID mice led to decreased tumor weight compared to ctlA15UC6 control cells (n = 10) (*bottom*). *B)* UM-UC-6 cells were subcutaneously implanted in SCID mice. Specific inhibition of the ADAM15 catalytic activity by daily treatment with adamastat 100 mg/kg (n = 5) during 3 weeks led to decrease in tumor growth compared to vehicle treated mice (n = 5). Bars represent mean tumor weight (mg) ± SD (*5A*,*B*).](pone.0150138.g005){#pone.0150138.g005}

Discussion {#sec024}
==========

Previous studies have speculated on the role of ADAMs in human tumorigenesis, cancer progression and aggressiveness \[[@pone.0150138.ref013],[@pone.0150138.ref014],[@pone.0150138.ref016],[@pone.0150138.ref018],[@pone.0150138.ref020],[@pone.0150138.ref021]\]. ADAM15 is a multi-domain disintegrin metalloproteinase that is upregulated in several solid malignancies including prostate and breast cancer and elevated expression of ADAM15 has also been correlated with the metastatic progression of these tumors \[[@pone.0150138.ref019]--[@pone.0150138.ref021]\]. Elevated ADAM15 mRNA expression has also been associated with poor patient outcome as it predicts a shorter relapse-free survival in lymph node-negative breast cancer \[[@pone.0150138.ref041]\]. Although suggestive in other tumors, the association of ADAM15 with the instance or progression of human bladder cancer has not been previously investigated.

Using meta-analysis of various expression arrays, we previously demonstrated significant overexpression of ADAM15 in independent bladder cancer gene expression studies \[[@pone.0150138.ref021]\]. The present study examined ADAM15 copy number, mRNA levels and protein expression in clinical specimens of bladder cancer, which revealed significant correlations between amplification of the ADAM15 gene and overexpression of ADAM15 mRNA and protein in the progression of this disease. This study also revealed that overexpression of ADAM15 correlated with tumor invasion and increased bladder cancer stage, suggesting a contributing role of ADAM15 in the progression of human bladder cancer.

The molecular mechanism by which ADAM15 could support bladder cancer progression is unknown. ADAM15 is associated with diverse biological functions in cancer progression and metastasis, such as neovascularization, tissue-remodeling, reduction in cell-cell adhesions and the release of various cytokines and growth factors that may promote tumor growth and survival \[[@pone.0150138.ref019],[@pone.0150138.ref024],[@pone.0150138.ref025]\]. We have previously demonstrated that siRNA targeting of ADAM15 in prostate cancer cells not only reduced tumor cell migration and invasion, it also altered the tumor cell adhesion profile and completely inhibited the overt metastasis of these cells *in vivo* \[[@pone.0150138.ref022],[@pone.0150138.ref023]\]. The local invasion and vascular intravasation and extravasation are required for tumor cell dissemination in metastasis \[[@pone.0150138.ref040],[@pone.0150138.ref042],[@pone.0150138.ref043]\]. In examining disease progression tumor arrays of prostate and breast cancer, we found a significant correlation between elevated ADAM15 levels and angio-invasive breast cancer \[[@pone.0150138.ref020]\]. Previous reports have linked ADAM15 with regulation of endothelial permeability and neutrophil and monocyte transmigration during vascular disease and inflammation \[[@pone.0150138.ref044]--[@pone.0150138.ref046]\]. Herein we have shown that the knockdown of ADAM15 lead to *in vitro* reduction of the migratory and invasive properties of human bladder cancer cells, including the ability to transmigrate though vascular endothelial monolayers. Taken together, these data suggest a functional role of ADAM15 in the remodeling of the extracellular matrix, local invasion and interaction with the vascular endothelium during the metastatic progression of human bladder cancer.

Our previous work has also demonstrated that ADAM15 can proteolytically process different molecules to modulate cell adhesion and cancer cell metastasis \[[@pone.0150138.ref019]\]. To test whether the proteolytic function of ADAM15 is relevant in the regulation of bladder cancer microenvironment, we designed and synthesized adamastat, a selective inhibitor of ADAM15 metalloproteinase catalytic activity. Here, we demonstrated that adamastat triggers the reduction of bladder cancer cell viability. Although PD166793 and marimastat have been shown to block tumor growth, the inhibition of their metalloproteinase activity has not been linked with cellular cytotoxicity \[[@pone.0150138.ref047]--[@pone.0150138.ref051]\].

ADAM15 has been implicated in resistance to apoptosis \[[@pone.0150138.ref052],[@pone.0150138.ref053]\] and the regulation of multiple signaling pathways involved in cell survival and proliferation \[[@pone.0150138.ref014],[@pone.0150138.ref019],[@pone.0150138.ref054]\]. Several substrates of ADAM15, including EGFR ligands such as HB-EGF, TGFα, amphiregulin, betacellulin, and other factors including Notch, and cytokines have been identified in cancer cells \[[@pone.0150138.ref010],[@pone.0150138.ref012],[@pone.0150138.ref015],[@pone.0150138.ref016],[@pone.0150138.ref054],[@pone.0150138.ref055]\]. ADAM15 has also been implicated in stimulation of G-protein coupled receptor (GPCR)-dependent shedding of EGFR ligands in multiple systems \[[@pone.0150138.ref056]\]. We previously reported that an unknown proteolytic mechanism resulted in the shedding of the extracellular domain of E-cadherin into the serum of patients with metastatic prostate cancer \[[@pone.0150138.ref057],[@pone.0150138.ref058]\], also known as soluble E-cadherin (sE-cad). We also discovered that ADAM15 expression in metastatic prostate cancer correlated with elevated levels of sE-cad found in the serum of these patients \[[@pone.0150138.ref057],[@pone.0150138.ref058]\] and demonstrated that ADAM15 did indeed cleave E-cadherin and N-cadherin in tumor cells \[[@pone.0150138.ref019],[@pone.0150138.ref021]--[@pone.0150138.ref023]\].

Cadherins are type I transmembrane glycoproteins that play important roles in cell adhesion \[[@pone.0150138.ref059]\]. E-cadherin is recognized as a tumor suppressor given its ability to inhibit cellular migration and invasion \[[@pone.0150138.ref060],[@pone.0150138.ref061]\]. The disruption of cellular E-cadherin, specifically by proteolytic cleavage, causes loss of cell-cell adhesion. Cleavage of E-cadherin causes release of a smaller 90 kDa fragment from the extracellular domain that both inhibits intact E-cadherin function \[[@pone.0150138.ref062]\], and promotes EGFR activation \[[@pone.0150138.ref021],[@pone.0150138.ref022]\]. Ectodomain shedding of a stable soluble E-cadherin fragment has been shown to be increased in the urine and serum of patients of multiple carcinomas \[[@pone.0150138.ref026],[@pone.0150138.ref027],[@pone.0150138.ref063]\] including bladder cancer, where increased sE-cad levels also correlate with higher stage disease and poorer outcome \[[@pone.0150138.ref026],[@pone.0150138.ref027]\]. These findings suggest that activated ADAM15 may be associated with E-cadherin shedding in such patients, increasing cell signaling as well as decreasing cell-cell binding and thus allowing bladder cancer progression. However, further research is needed to assess the interactions of ADAM15 and sEcad in advanced bladder cancer.

The *in vivo* significance of reduced ADAM15 activity was analyzed in xenograft models of transitional cell carcinoma of the bladder. In these experiments, both ADAM15 knockdown or inhibition of its catalytic activity by adamastat proved to reduce bladder tumor growth in immuno-deficient mice; however, a full histopathological assessment as to whether the reduced tumor size is due to cytotoxicity remains to be evaluated. The reduction of tumor growth and metastasis by loss of ADAM15 has also been reported by our laboratory and others using different xenograft tumor models \[[@pone.0150138.ref014],[@pone.0150138.ref019],[@pone.0150138.ref023],[@pone.0150138.ref025]\]. Collectively these findings lend further support for ADAM15, and in particular its catalytic function, in the metastatic progression of human bladder cancer.

In conclusion, we have found a novel association between ADAM15 expression and invasive bladder cancer and provide functional evidence for the role of ADAM15 in this disease. This is supported by our *in vitro* observations and early *in vivo* results by which the reduction of ADAM15 expression or inhibition of its catalytic activity, reduces cellular motility and invasiveness and inhibits tumor growth in animal models. Taken together, these results now suggest a critical role of ADAM15 and its metalloproteinase activity during the progression of human bladder cancer and potential therapeutic target.
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HB-EGF
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:   3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
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PMS
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:   Standard Deviation
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shRNA
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:   Trans-Endothelial Migration

TGFα

:   Transforming Growth Factor Alpha

TGFβ

:   Transforming Growth Factor Beta
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